Graphical methods were used to extract values of constant-phase element ͑CPE͒ parameters and interfacial capacitance from the high-frequency part of impedance data collected on a polymer electrolyte membrane ͑PEM͒ fuel cell. The impedance data were recorded as a function of current density, time, temperature, backpressure, and flow channel and gas diffusion layer design. The effective capacitance was estimated under the assumption that the CPE behavior could be attributed to two-dimensional ͑2D͒ potential and current distributions. The value of the interfacial capacitance was reduced when the cell was operated under dry or flooded conditions. The interfacial capacitance decreased with time over a time scale consistent with the approach to a steady state. In addition to providing insight into physical processes, the parameters obtained from graphical methods can be used for model reduction when regressing impedance data. The methodology presented can be applied to electrochemical systems for which the high-frequency data reveal CPE behavior caused by 2D potential and current distributions. Electrical circuits invoking constant-phase elements ͑CPEs͒ are often used to fit impedance data because the associated distribution of time constants provides an improved fit.
Electrical circuits invoking constant-phase elements ͑CPEs͒ are often used to fit impedance data because the associated distribution of time constants provides an improved fit. [1] [2] [3] The distribution of time constants has been attributed to surface heterogeneity 4, 5 or to continuously distributed time constants for charge-transfer reactions. [6] [7] [8] [9] [10] The CPE parameters may give insight into surface disorder and surface roughness, 11 electrode porosity, 12 and nonuniform potential and current distribution. 13, 14 Electrical circuits invoking CPEs have been used to model the impedance response of polymer electrolyte membrane ͑PEM͒ fuel cells. Ciureanu and Wang 15 used the impedance technique to study the oxidation of hydrogen and hydrogen-CO mixtures in a fuel cell and fitted the result using CPE parameters. The effect of CO on the performance of the fuel cell has been reported by impedance techniques, and the impedance response has been fitted using CPE parameters to illustrate physical processes. 16 The CPE parameters have also been used to fit the impedance response of electrocatalysts for the anode of the fuel cell. 17 Meland et al. 18 studied the effect of water on the anode reaction in the fuel cell by impedance and have fitted impedance response using the CPE parameters, reporting parameters as a function of operating potential. The CPE parameters have been used to model impedance in a study of different methods for catalytic ink preparation for the fuel cell. 19 The CPE approach has also been exploited to characterize carbon-nanotube-supported electrocatalyts for anodes, 20 to study anode materials for the solid oxide fuel cells, 21 and to model the impedance response of the porous anode of a methanol fuel cell. 22 The depressed semicircle seen in Nyquist plots has been attributed to nonhomogeneity of electrode surface. 23 Fouquet et al. 24 have attempted to correlate parameters to the state of health ͑flooding and drying͒ of a PEM fuel cell, though the parameters were again estimated by fitting impedance data.
Use of CPE parameters is frequent, though parameters estimated by fitting circuit models to impedance data are not unique. The object of this work was to use the graphical methods described by Orazem et al. 25 to evaluate the influence of operation and design parameters on the interfacial capacitance of a PEM fuel cell. The transient behavior of CPE parameters was also investigated. The parameters obtained by the graphical methods were used to explore processes such as flooding, drying, and catalyst deactivation in the fuel cell.
Experimental
The experimental system and the impedance instrumentation used are presented in this section.
Materials and chemicals.-
The membrane electrode assembly ͑MEA͒ ͑purchased from Ion Power, Inc., New Castle, DE͒ employed 0.0508 mm ͑2 mils͒ thick Nafion N112 with catalyst layers of ϳ0.025 mm on both sides of the membrane. The active surface area was 5 cm 2 . The catalyst layers were platinum supported on carbon with a Pt catalyst loading of 0.4 mg/cm 2 on both the anode and the cathode sides. Two types of gas diffusion layers ͑GDL͒ were used during assembling the MEA. Both had an effective thickness of 0.284 mm and were made of carbon cloth, but one was uniformly macroporous whereas the other had variable porosity. The nonuniform GDL was microporous to the catalyst side and macroporous to the channel side. Similar GDL structures have been reported in the literature to provide improved water management capability. [26] [27] [28] The material of the flow channel was graphite with the outlet at a lower elevation than the inlet to facilitate removal of condensed water. Both serpentine and interdigitated flow channel configurations were used. A torque of 5 Nm was applied to the fuel cell assembly. Hydrogen gas was used as fuel and a 79% N 2 and 21% O 2 mixture was used as oxidant. Compressed N 2 was used to purge the fuel cell before and after experiments. A Barnstead E-Pure Water System with an ion resistivity of 14.9 M ⍀ cm was used as a source of deionized water delivered to the anode and cathode humidifiers.
An 850 C fuel cell test station ͑supplied by Scribner Associates, Southern Pines, NC͒ was used to control reactant flow rates and temperatures. The test station was connected to a computer by an interface for data acquisition. The gas flows were humidified to 100% relative humidity at the cell temperatures indicated in the respective figures. The hydrogen flow rate was 0.1 L/min, and the airflow rate was 0.5 L/min. The maximum stoichiometry for hydrogen and air was 1.5 and 2.5, respectively. Properly calibrated humidification bottles were to used to humidify the gas flows.
Electrochemical impedance measurements.-Impedance measurements were performed with the 850 C fuel cell test station, which contains an electronic load and impedance measurement capability. All electrochemical measurements were performed with a two-electrode cell. The anode was used as a pseudo-reference electrode. With the exception of the transient measurements obtained at 0.02 A/cm 2 ͑see Fig. 14͒ , the impedance measurements were conducted in galvanostatic mode for a frequency range of 10 kHz to 5 mHz with a 10 mA peak-to-peak sinusoidal perturbation. The corresponding potential perturbation ranged from 0.04 to 0.4 mV. The perturbation amplitude selected was the largest amplitude that did not cause visible distortions in low-frequency Lissajous plots. The measurements at 0.02 A/cm 2 were performed using a larger perturbation amplitude of 100 mA, yielding a potential range from 4 to 32 mV. The large amplitude used for the measurements at 0.02 A/cm 2 could be expected to yield nonlinear behavior at low frequencies, but did not influence the high-frequency analysis re-ported in the present work. The frequencies were spaced in logarithmic progression with 10 points per frequency decade. Impedance scans were conducted in auto-integration mode with a minimum of two cycles per frequency measured.
Results
Typical impedance results are presented in Fig. 1 with current density as a parameter. The measurement model developed by Agarwal et al. [29] [30] [31] and Orazem 32 was used to analyze the error structure of the impedance data. 33, 34 As shown by Roy and Orazem, 33 data collected above a frequency of 1 kHz were inconsistent with the Kramers-Kronig relations. This inconsistency was attributed to instrumental artifacts. Once a steady operation had been achieved, the data collected at frequencies as low as 1 mHz were found to be consistent with the Kramers-Kronig relations. Data that were inconsistent with the Kramers-Kronig relations were not used in any subsequent analysis. For the transient measurements obtained at 0.02 A/cm 2 , the data at frequencies of Ͼ500 Hz were inconsistent with the Kramers-Kronig relations. For all other measurements, the data were consistent with the Kramers-Kronig relations at frequencies of Ͻ1 kHz.
Outline of the asymptotic graphical analysis method.-The analysis of CPE parameters used for the present work is based on the graphical methods illustrated by Orazem et al. 25 The method is summarized in this section for the data presented in Fig. 1 . The CPE exponent ␣ can be calculated from the high-frequency slope of a logarithmic plot of the absolute value of the imaginary part of the impedance as a function of frequency, shown in Fig. 2a . The resulting value of ␣ is presented in Fig. 2b as a function of current density. An increase in ␣ was observed with an increase in current density.
The ohmic resistance can be obtained from the high-frequency asymptote of a plot of the real part of the impedance as a function of frequency as demonstrated in Fig. 3a . As shown in Fig. 3b , the ohmic resistance can be a weak function of current density. The values of R e and ␣ obtained from Fig. 3a and 2a, respectively, require only that an asymptotic value is reached for the real part of the impedance at high frequency and that the logarithm of the magnitude of the imaginary part of the impedance at high frequencies show a straight line with respect to the logarithm of frequency. Such a straight line can be expressed mathematically in the form of a CPE.
Given the value of ␣ presented in Fig. 2b , the CPE coefficient Q eff can be calculated from
as proposed by Orazem et al., 25 where Z j is the imaginary part of the impedance and f is the frequency in units of hertz. The value of Q eff is presented in Fig. 4a as a function of frequency with current density as a parameter. The frequency dependence of the apparent CPE coefficient, evident at frequencies of Ͻ50 Hz, is caused by faradaic and transport processes. These faradaic and transport processes have negligible influence at higher frequencies. Thus, the value of Q corresponding to the parameter employed in the expression for the CPE can be obtained from the high-frequency asymptote evident in Fig.  4a . The value of Q eff was obtained by estimating the high-frequency asymptote of Fig. 4a by calculating the average of the 10 values at the highest frequencies.
The interfacial capacitance C eff was calculated by
as derived by Brug et al., 1 where R e is the electrolyte resistance calculated from the high-frequency part of the impedance data presented in Fig. 3a . In a comparison of expressions developed by Hsu and Mansfeld 35 and Brug et al., 1 Huang et al. 14 found that Eq. 2 provided an excellent assessment of interfacial capacitance for systems for which the CPE behavior originated from nonuniform current and potential distributions along the electrode surface. A similar spatial distribution of current and potential can be anticipated to exist in the fuel cell under study due to both the channel-land configuration and distributions of reactants and products along the length of the channels. The formula developed by Brug et al.
1 was therefore applied. Values of interfacial capacitance C eff obtained from Eq. 2 are presented in Fig. 4b as functions of current density. A decrease in C eff was observed with increasing current density. Impedance response recorded at 70°C with current density as a parameter. The fuel cell was assembled using a GDL with a microporous layer and an interdigitated flow channel. Influence of current density.-To investigate the influence of the state of health ͑drying and flooding͒ of the fuel cell, similar analyses were performed over a broader range of current densities and as a function of time. The corresponding values obtained for Q eff are presented in Fig. 5 with time as a parameter. The CPE coefficient Q eff was significantly lower at small current densities, where, despite the use of calibrated humidification bottles, localized drying of the MEA could be expected due to reduced production of water at the cathode coupled with redistribution by electro-osmosis. The CPE coefficient was also low at the large current densities that are associated with flooding. The largest value of Q eff was found at intermediate current densities. At all current densities for which the effect of time on Q eff was explored, the value of Q eff decreased with time.
The corresponding values for interfacial capacitance C eff , obtained from Eq. 2, are presented in Fig. 6 as a function of current density with time as a parameter. The behavior of the interfacial capacitance was consistent with that found for the CPE coefficient. It should be noted, however, that the numerical value for interfacial capacitance reported in Fig. 6 is significantly different from the numerical value of the CPE coefficient presented in Fig. 5 . The values of Q eff are 4-10 times larger than the values of C eff .
The normalized interfacial capacitance C eff,max /C eff and the normalized standard deviation of the real part of the impedance measured at 0.1 Hz, r / base , are presented in Fig. 7 as a function of current density. The term r / base represents the stochastic error identified from repeated impedance measurements at a frequency of 0.1 Hz. 34 The stochastic character of the formation of water droplets and subsequent removal by gas flow increases the stochastic errors in low-frequency impedance measurements. A similar increase in stochastic errors was observed at low current densities, which can be associated with drying. Flooding or drying phenomena contribute stochastic errors to the impedance response, which are superposed on those associated with the electronic instrumentation. 34 As shown in Fig. 7 , the current density range yielding the maximum value of effective capacitance correlates well with the current density range yielding the smallest value of the standard deviation of repeated low-frequency impedance measurements.
The difference between the values of Q eff and C eff is closely related to the values obtained for the CPE exponent ␣ presented in 3 . Representation of the graphical analysis of the data presented in Fig. 1 to obtain the ohmic resistance R e : ͑a͒ the real part of the impedance as a function of frequency with current density as a parameter and ͑b͒ ohmic resistance as a function of current density. . At high and low current densities, the values obtained for ␣ approached 0.8. In these regions, Q eff was about four times larger than C eff . At intermediate current densities, ␣ had values near 0.6, and Q eff was about 10 times larger than C eff . The ohmic resistance, shown in Fig. 8b , also plays a role in calculation of capacitance from Eq. 2. A significant increase in R e was observed under both drying and flooding conditions. The observed increase in R e under drying conditions is consistent with observations reported by Barbir et al. 36 Influence of operating parameters.-The influence of temperature on the impedance measurements is presented in Fig. 9 for data obtained at a current density of 0.5 A/cm 2 . The impedance was smaller at elevated temperatures, suggesting improved cell performance. The procedure described in the previous section was used to obtain the interfacial capacitance presented in Fig. 10 as a function of system temperature. The results for effective capacitance are contrasted in Fig. 10 to the power density obtained for the measurement. An increase in interfacial capacitance was observed at elevated temperatures, which may partially account for the better performance at higher temperatures.
A similar investigation of the influence of backpressure was performed. The resulting interfacial capacitance, obtained from Eq. 2, is presented in Fig. 11 as a function of backpressure applied for both the cathode and the anode. The impedance data were recorded at 0.7 A/cm 2 at 70°C. A significant increase in interfacial capacitance was observed with an increase in the backpressure from 0 to 2 barg. Subsequent increase in backpressure resulted in only small increases in interfacial capacitance. The results for effective capacitance correlate well to the power density, also presented in Fig. 11 . with system temperature as a parameter. The experimental system was the same as described in Fig. 1 .
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were also analyzed to estimate the interfacial capacitance as presented in Fig. 12 . The interfacial capacitance for MEAs assembled using a GDL with a microporous layer was significantly larger than that obtained for MEAs assembled using a GDL with a uniform pore distribution. This difference may be attributed to the improved water management properties of the GDL with a microporous layer. The influence of flow channel design was much less significant. For MEAs assembled using a GDL with a microporous layer, the interfacial capacitance was larger for the interdigitated flow channel as compared to the serpentine flow channel. The larger C eff found when using a GDL with a microporous layer can be correlated to the observation that these systems yielded a larger limiting current density.
The power density corresponding to Fig. 12 is presented in Fig.  13 as a function of current density. At low current densities, all three configurations yielded similar power densities, but the maximum power density was obtained for MEAs assembled using a GDL with a microporous layer. This result is consistent with the effective capacitance values presented in Fig. 12 .
Transient behavior.-To explore the influence of time, sequential impedance spectra were recorded for a variety of operating conditions. The resulting interfacial capacitance is reported in Fig. 14 as a function of time with operating and system condition as a parameter. The interfacial capacitance decreased with time for all impedance data, but the dependence on time was smaller than was observed with current density. The decrease in the interfacial capacitance can be attributed to the slow approach to steady state operation, as reported by Roy and Orazem. 33 The rate of decrease was smallest for current densities least affected by flooding ͑0.2 A/cm 2 for the serpentine flow channel and 0.4 A/cm 2 for the interdigitated flow channel͒. The interfacial capacitance was smallest for the system affected by localized drying ͑0.02 A/cm 2 for the interdigitated flow channel͒. The interfacial capacitance was somewhat smaller for the system affected by flooding ͑1.0 A/cm 2 for the interdigitated flow channel͒.
The corresponding values of CPE exponent ␣ are presented in Fig. 15 . The CPE exponent increased with time for all impedance data and had values that ranged between 0.57 and 0.8. The value of ␣ was largest for the systems most likely to be affected by flooding or drying. 
Discussion
System parameters are typically obtained from impedance data by regression of models. Accordingly, the value of the parameters obtained depend on the suitability of the model and on the quality of the regression. The graphical methods employed in the present work provide information that is limited to the high-frequency portion of the spectrum, where the faradaic and transport processes do not influence the impedance response. The advantage of the graphical methods employed here is that the parameter values do not depend on the suitability of the model and on the quality of the regression. The values of the CPE parameters Q and ␣ can be obtained unequivocally; however, the relationship between these parameters and the interfacial capacitance requires a model. The formulas developed by Brug et al. 1 were found to give good accounting for twodimensional ͑2D͒ distributions.
14 A similar verification has not been provided for three-dimensional ͑3D͒ distributions, though the Brug formula has been invoked to describe the relationship between CPE parameters and 3D distributions in oxides. 37 The values of ␣ varied between 0.57 and 0.8, which is consistent with the value of 0.8027 reported by Fouquet et al. 24 The value of ␣ can be expected to result from a combined lateral distribution, associated with the distribution of current and potential along the flow channels and between land and channel areas, and an axial distribution associated with the porous character of the MEA. The decreased value of ␣ at low and high current densities may be attributed to increased heterogeneity created by drying or flooding, respectively. Correspondingly, a decrease in the value of C eff was found under conditions associated with drying and flooding. The calculated interfacial capacitance is usually scaled to electrochemical active surface area of catalyst. 38 A decrease in effective surface area of roughly 60% was found under drying conditions, and a decrease of roughly 40% was found under flooding conditions. The higher value estimated for the interfacial capacitance could contribute to the improved performances of the fuel cell at elevated temperature 39 and elevated operating pressure. 40 The sensitivity of interfacial capacitance to poor water management accounts for the small values of capacitance when using a uniform GDL. The capacitance was larger when using a micro-macroporous GDL, which is reported to provide better water management. [26] [27] [28] The sharp decrease in C eff at low current densities observed for the cell employing a GDL with a microporous layer GDL is likely due to drying of the membrane. 36, 41 Similar experiments were not performed for the uniform GDL. The observation of a higher value of the interfacial capacitance for the interdigitated flow channel is consistent with observation of higher current densities and better fuel cell performance as compared to the serpentine flow channel. 39, [42] [43] [44] A moderate decrease in the value of C eff with time was observed. The observed decrease in the interfacial capacitance can be converted into an equivalent decrease in the electrochemical active surface area with time, which could be due to the slow approach to steady-state operation.
33
Conclusions
Graphical methods were used to interpret impedance spectra in terms of CPE parameters, and the formulas presented by Brug et al. 1 were used to convert these into effective interfacial capacitance. The effective interfacial capacitance was smallest at small and large current densities and showed a maximum value at the intermediate current densities. The decreases in interfacial capacitance with higher current density can be attributed to an excess production of water resulting in flooding; whereas, at low current density, the effect could be attributed to drying. The interfacial capacitance was dependent on flow channel configuration, GDL properties, temperature, and backpressure. The improved performance and larger interfacial capacitance observed for the interdigitated flow channel and the GDL with a microporous layer could be attributed to the improved water management capabilities of these system designs. A smaller influence of time was observed that could be associated with the long time required to achieve steady-state operation. 33 The use of graphical methods to extract physical properties is underutilized in the fuel cell literature. The method provides unequivocal values for the CPE exponent ␣, the CPE coefficient Q, and the ohmic resistance R e . The method, however, applies only if ideal capacitive or CPE behavior is seen at high frequencies. The method makes use of only high-frequency data and does not account for the information available at lower frequencies. The graphical method shown here is therefore not a substitute for more detailed regression analysis.
The estimates obtained here for C eff correlate well with cell performance and are justified by the presence of 2D current and potential distributions. The values obtained could, however, be altered by accounting for the additional 3D character associated with the catalyst distribution within the MEA. No model currently exists to estimate C eff from CPE parameters for an axial distribution. This remains a topic for future research. 
